Adipose tissue exerts two important functions involved in the regulation of lipid metabolism and insulin sensitivity: 1 ) storage of FFA as triglycerides (TG) into adipocytes and their disposal by lipolysis, and 2 ) secretion of adipokines and cytokines that could promote either insulin sensitivity or resistance in target tissues. Type 2 diabetes has been shown to be associated with disturbances in glucose and lipid metabolism, with modifi cations in systemic levels of adipokines, cytokines, and FFAs, partly as a consequence of adipose tissue dysfunction and infl ammation. In particular, dysregulation of FFA metabolism would be an essential cause of metabolic anomalies because a defect in their storage into adipocytes could lead to their ectopic depot in the liver, muscles, heart, and pancreas, where they play an important role in dyslipidemia, insulin resistance, and altered glucose tolerance ( 1 ). Recently, the antiretroviral drugs given to patients to control human immunodeficiency virus (HIV) infection were recognized as responsible for metabolic alterations and abnormal adipose tissue distribution, together with modifi cations in adipokines, cytokines, and FFAs, and with ectopic depots of lipids in nonfat tissues, arguing for mechanisms common to those reported in diabetes ( 2, 3 ).
However, the ability of different PIs to directly alter human adipose tissue lipid metabolism under fasting conditions has not been evaluated.
Due to the occurrence of lipoatrophy in a number of HIV-infected patients, resulting from thymidine analog reverse-transcriptase inhibitor (NRTI) toxicity ( 27 ) , a number of studies have evaluated subcutaneous adipose tissue samples obtained from HIV-infected patients. A local infl ammation was generally observed, with macrophage infi ltration, increased expression of interleukin-6 (IL-6) and tumor necrosis factor-␣ (TNF-␣ ), together with decreased expression of the main adipogenic genes ( 2, 13, 25, (27) (28) (29) (30) (31) (32) (33) . This was associated with an increased level of systemic proinfl ammatory cytokines, such as IL-6 and TNF-␣ ( 2, 25, 32, 33 ) , and of FFA ( 14, 16 ) . The relative roles of the different antiretroviral drugs in that setting are diffi cult to decipher as these patients are generally taking a combination of NRTIs and PIs. We previously observed that stopping thymidine analog NRTIs in HIVinfected patients with or without lipoatrophy reduced fat infl ammation ( 31 ) . However, the specifi c role of each of the different classes of antiretroviral drugs is diffi cult to analyze ( 33 ) . Therefore, we investigated whether some PIs were able to directly affect infl ammation in human fat samples.
In the present study, we investigated whether a treatment with different PIs could lead to an alteration of GNG, lipolysis, and the infl ammatory profi le in human adipose tissue from lean subjects in as much as HIV-infected patients in France have a mean BMI of 22-23 kg/m 2 ( 34 ) . We evaluated four PIs associated to different extents with lipid alterations in HIV-infected patients for their effects on the lipolytic rate, FFA/TG cycling via GNG, and induction of infl ammation in human adipose tissue explants. Because most systemic FFA comes from SAT metabolism in lean humans ( 35 ) , we also investigated at the same time, and for the fi rst time, samples of SAT and VAT from the same individual to test whether they were similarly affected.
Our data show that NFV, RTV, and LPV, but not the lipid-neutral PI ATV, led to increased FFA delivery from human SAT but not from VAT, as a consequence of both increased basal lipolysis and decreased GNG in SAT. As perilipin inhibits basal hydrolysis by adipocyte lipases of neutral lipids stored in the lipid droplet, we evaluated its amount and observed a decrease in parallel to the increase in basal lipolysis in response to NFV, RTV, and LPV. We also searched for a link between the depot-specifi c effects of PIs on GNG and the simultaneous secretion of some proinfl ammatory cytokines. We found that IL-6 and TNF-␣ secretion and gene expression were related to GNG inhibition induced by NFV, which was used as a representative of the dyslipidemic PIs. Indeed, the inhibitor of NF B activation, parthenolide, corrected the NFV-induced adverse effects in SAT: it prevented the production of cytokines and restored FFA/TG cycling via GNG. Our data suggest that the infl ammatory state of SAT induced by some PIs contributes to inhibition of the GNG pathway, leading to an increased FFA release. Considering the major contribution as an important pathway for lipid homeostasis (reviewed in ref. 9 ) . GNG is an abbreviated version of gluconeogenesis that provides glycerol-3-phosphate, synthesized mainly from pyruvate and lactate inside adipocytes to recycle into TG, the FFA excessively produced by lipolysis during fasting. White adipose tissue does not oxidize fatty acids for energy to any appreciable extent; it exhibits a negligible level of glycerol kinase activity and does not contain sufficient glycogen to supply the amount of glucose required to account for the glycerol-3-phosphate needed to re-esterify fatty acids to TG ( 10 ) . Thus, the hydrolysis of 1 mol of TG (lipolysis) leads to 1 mol of glycerol and 3 mol of FFA, giving a theoretical FFA/glycerol ratio of 3; but, the simultaneous activation of GNG, which decreases FFA release without affecting that of glycerol, gives a FFA/glycerol ratio less than 3. We previously demonstrated, in human adipose tissue, that inhibiting cytosolic phosphoenolpyruvate carboxykinase (PEPCK-C) activity by mercaptopicolinate restored the FFA/glycerol ratio to 3 and, thus, confi rmed that the decrease of the FFA/glycerol ratio to less than 3 is an index of GNG effi ciency ( 4 ) . GNG moderates FFA delivery during lipolysis situation and is thought to adjust the amounts of FFA released to meet the body's exact needs. Specifi c suppression of the PCK1 gene, which encodes its key enzyme (PEPCK-C) in adipose tissue resulted in mice with increased FFA release due to decreased GNG ( 11 ) . Very recently, GNG was described as the predominant pathway for TG synthesis in rat adipose tissue, not only during fasting but also under high-glucose diet conditions ( 12 ) . Our studies of the performance of GNG in human subcutaneous adipose tissue (SAT) revealed that GNG was inversely related to body mass index (BMI), suggesting the possibility it is involved in the increased systemic FFA level observed in overweight subjects ( 4 ) .
Increased levels of FFA and proinfl ammatory cytokines have been reported in some HIV-infected patients under antiretroviral treatment (reviewed in reference 13 ). Increased FFA level has been linked to treatments that include protease inhibitors (PIs) and has also been associated with the occurrence of metabolic alterations, dyslipidemia, and insulin resistance (14) (15) (16) . Even if the ability of individual molecules to induce these alterations varies according to the molecule, PIs were collectively found to increase total and LDL cholesterol and also TG (17) (18) (19) . However, among PIs, some of them affect mainly lipid metabolism (e.g., lopinavir [LPV] , ritonavir [RTV] , and, to a lesser extent, nelfi navir [NFV]), while others, such as atazanavir (ATV), appear to be lipid-friendly ( 17, 18, (20) (21) (22) . Additionally, some PIs were shown to directly affect adipose tissue lipid metabolism, even in the absence of an abnormal fat distribution. Indeed, studies performed in healthy volunteers revealed the ability of LPV/RTV to increase FFA levels after 5 days or 4 weeks, independently of an effect on insulin sensitivity or altered body fat ( 23, 24 ) . Otherwise, in HIV-infected patients under PI therapy, stopping the PI resulted in decreased FFA levels without body fat modifi cations ( 15 ) . Fat samples obtained from HIV-infected patients treated with a combination of antiretroviral drugs showed an increased rate of lipolysis ( 25, 26 ) . 6 h incubation in DMEM, glucose 5 mM, and 0.5% FFA-free BSA. Media quantities and explants were used for cytokines determination and RNA isolation or PEPCK-C enzyme activity measurement. In addition, in the second set of experiments, the effects of ATV and NFV were evaluated in parallel on cytokine and PEPCK expression.
Determination of PEPCK-C-specifi c activity and biochemical analyses
PEPCK-C was estimated in a postmitochondrial fraction, prepared from adipose tissue previously homogenized in 10 mM Tris-HCl buffer, pH 7.4, containing 1 mM dithiothreitol. PEPCK-C activity was determined as described by Duff and Snell ( 37 ) by the acute radioactive method of Chang and Lane ( 38 ) , with saturating substrate concentration and 1:30 isotope dilution of [ 14 C] NaHCO 3 ; the reaction being performed at 30 min at 37°C. Protein content was determined using a BCA protein assay kit from Sigma-Aldrich (Tafkirchen, Germany). Concentrations of glycerol and FFA released in the Krebs-Ringer bicarbonate buffer were monitored using free glycerol reagent (Sigma-Aldrich, Tafkirchen, Germany) and an acyl-CoA oxidase kit from Roche Applied Science (Meylan, France), respectively. The TG content of adipose tissue explants was determined with a kit (SigmaAldrich, Tafkirchen, Germany).
Levels of adipokines, cytokines, and chemokines secreted into the culture medium
Medium was collected at the time indicated in the fi gures legend and frozen in liquid nitrogen. Then, multiple cytokine/ chemokines analysis kits (human adipocyte LINCOplex kit; HADCYT-61-K; Linco®) were used to quantify concentrations of IL-6, TNF-␣ , and monocyte chemoattractant protein 1 (MCP1) in the medium, Millipore multiscreen 96-well fi ltration plates (furnished) were used for the assays (Millipore, Billerica, MA). All samples were tested at least twice with a Bioplex 200 system (Bio-Rad, Marnes la Coquette, France). All analyses were performed according to the manufacturer's protocol. Dilutions of 1:50 and 1:500 were needed for quantifi cation of MCP1 and IL-6 in SAT or VAT, respectively. TNF-␣ secretion did not require any dilution.
RNA and quantitative RT-PCR
RNA extraction was performed using an RNeasy Lipid kit (Qiagen, Courtaboeuf, France), and the extract's respective quality was assessed by gel electrophoresis. First-strand cDNA was synthesized using a High Capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad, CA), and quantitative RT-PCR measurements using SYBR Green were carried out with a Roche thermocycler. mRNA variations were estimated relative to those of 18S rRNA. The primer sequence for hPCK1 Sense was 5 ′ -GCTCTGAGGAGGAGAATGG-3 ′ ; 5 ′ -TGCTCTTGGGTGACG-ATAAC-3 ′ for hPCK1 Antisense; 5 ′ -CAAATTCGGTACATC-CTCGAC-3 ′ for hIL6 Sense; 5 ′ -TTTCACCAGGCAAGTCTCCT-3 ′ for hIL6 Antisense; 5 ′ -AATAGGCTGTTCCCATGTAGC-3 ′ for hTNF-␣ Sense; 5 ′ -AGAGGCTCAGCAATGAGTGA-3 ′ for hTNF-␣ Antisense; 5 ′ -GAGCGAAAGCATTTGCCAAG-3 ′ for h18S Sense; and 5 ′ -GGCATCGTTTAGGTCGGAA-3 ′ for h18S Antisense.
Western blotting
Adipose tissue was homogenized in Laemmli buffer (tissue lyzer; Qiagen, Courtaboeuf, France). Extracts were centrifuged fi rst at 10,000 rpm, at 4°C, for 8 min to remove the fat coat, and then at 14,000 rpm, at 4°C, for 10 min to remove insoluble material; then supernatants were diluted by ultrasounds and immediately separated on an SDS-7.5% polyacrylamide gel and of SAT, versus that of VAT, for the control of FFA homeostasis, these data also highlight the importance of GNG in this process and suggest a greater susceptibility of SAT than VAT to PI-induced infl ammation.
MATERIALS AND METHODS

Materials
Nelfi navir, lopinavir, ritonavir, and atazanavir were purchased from Santa Cruz Biotechnology, Santa Cruz, CA.
Culture of adipose tissue explants for monitoring lipolytic rate and fatty acid re-esterifi cation
In the fi rst set of experiments (described in legends to Figs. 1-4 ), samples of abdominal SAT and omental VAT were obtained from 16 healthy, young premenopausal women (age, 37.1 ± 7.0 years old) with BMI from 18.7 to 26.5 kg/m 2 (average BMI = 22.8 ± 3.2 kg/m 2 ) undergoing elective surgery at Cochin Hospital (Dr. C. Chapron) for benign noninfectious diseases: either for uterine myoma ablation or for exploratory laparotomy for endometriosis. Subjects were otherwise healthy and did not receive any medication or hormonal supplementation except for contraceptive pills. In the second set of experiments, SAT samples were obtained from 3 lean males undergoing surgery for benign biliary tract affection at St.-Antoine Hospital (Dr. O. Scatton). All subjects gave written informed consent, and all procedures were approved by the ethics committee of Cochin Hospital. Samples, removed at the beginning of the surgical procedure were immediately transferred to the laboratory in DMEM containing 10% fetal bovine serum and 12.5 mM glucose. The tissue was carefully dissected to remove visible blood vessels and connective tissue and then cut into small pieces of 20-35 mg wet weight, distributed in 12-well culture plates with about 400 mg/well, and incubated, in 2.5 ml of DMEM containing 10% fetal bovine serum and 12.5 mM glucose, biotin, pantothenate, and antibiotics as described previously ( 4 ) in a humidifi ed atmosphere of 10% C O 2 at 37°C. Medium was changed every day, and glucose concentration was decreased to 5 mM and supplemented with 10 µM of one of the following PI molecules: NFV, RTV, LPV, or ATV for 72 h. On day 3, overnight media samples were conserved for the determination of cytokines, and samples were incubated in glucose-and serum-free DMEM containing 3% (w:v) low-fat BSA for 4 h, then in 1 ml of Krebs-Ringer bicarbonate buffer containing 3% (w:v) fatty acid-free BSA and [ 14 C 1 ]pyruvate (1 µCi/ml) as precursor of glycerol-3-phosphate. The isotopic dilution of [ 14 C 1 ] pyruvate was about 1:130. After 1 h, the incubation medium was discarded for the estimation of lipolytic FFA and glycerol. Simultaneously, the corresponding tissue fragments were frozen in liquid nitrogen before lipid extraction according to the simplifi ed method of Bligh and Dyer ( 36 ) . The subsequent incorporation of [ 14 C 1 ]pyruvate into the lipid moiety was estimated by counting the radioactivity associated with this fraction and was used to appreciate the level of FFA that had been re-esterifi ed during the 1 h lipolytic process. For each tissue sample, some explants were selected at day 3 for the determination of PEPCK-C activity and TG content.
Culture of adipose tissue explants for gene expression analysis (single-dose NFV protocol)
SAT and VAT were obtained from 9 other women (average age = 38.6 ± 6.9 years old) with BMI from 20.5 to 24.2 kg/m 2 (average BMI = 22.3 ± 1.5 kg/m 2 ). Explants were prepared as described above but treated with a single NFV dose (10 M) either during 14 h or 28 h (from day 1 to day 2), or at day 2 during by guest, on July 31, 2017 www.jlr.org
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We also directly assessed the GNG pathway by simultaneously measuring the incorporation of [ 14 C 1 ]pyruvate into TG and PEPCK-C-specifi c activity in both fat depots. The rates of GNG-dependent FFA re-esterifi cation and PEPCK-C-specifi c activity tended to be higher in VAT than in SAT (Table 1) .
Effect of PIs on the lipolytic rate (glycerol and FFA output) of human SAT and VAT
In the fi rst set of experiments, human adipose tissue explants from two fat depots were pretreated for 72 h with NFV, RTV, or LPV and then were glucose-depleted according to the scheme described in the legend to Fig. 1A . In the second set of experiments, human SAT explants were treated with NFV and ATV. We decided to maintain maximum concentrations (Cmax) (10 m) over 3 days, which is different from the in vivo situation. Indeed, we wanted to sum up, in a short period of time, the adverse effects of drugs observed in patients after a longer-term treatment. We have used these Cmax concentrations in our previous studies. We have previously addressed the point related to PI concentrations in culture medium by evaluation of the level of bound NFV under culture conditions and observed that the unbound concentration of NFV was 1% of the total concentration ( 40 ) . This value is close to those reported for sera concentrations of patients treated with NFV and those treated with LPV and RTV.
Because some PIs have been shown to decrease the TG content of human mature subcutaneous adipocytes ( 41 ), likely by an inhibition of glucose transport via GLUT4 ( 42 ), we checked the TG content of fat explants after PI treatment. Figure 1B shows that NFV, RTV, and LPV decreased (by about 25% to 30%) the TG content of SAT but not VAT. Because adipose tissue lipolysis is known to be correlated with adipocyte size ( 43 ), we expressed the lipolytic rate of fat depots versus their respective TG content after PI treatment; data revealed that these three PIs increased lipolysis (by about 35%), as indicated by the release of glycerol, but only in SAT ( Fig. 1C ) . In parallel, FFA release was also increased by these three PIs ( Fig.1D ) but at a higher level (by about 80%) than expected from glycerol release. The effect of these PIs on acute lipolysis (after 1 h incubation with 1 M isoproterenol) was also tested in some individuals, and the same depot-specifi c difference was observed (data not shown). To determine whether the effects of these three PIs was a class effect or whether they were related to their ability to induce dyslipidemia in HIV-infected patients, we then compared the effect of NFV with that of ATV, a lipid-friendly PI, in SAT. Results shown in Fig. 1B -D indicate that ATV did not affect TG content, glycerol, or FFA release in contrast to NFV.
To try to understand the different response to PIinduced lipolysis of the two fat depots, we analyzed the protein content of the two major lipases ATGL and HSL ( Fig. 2 ) . The amount of ATGL did not signifi cantly differ between the two depots (possibly due to a high interindividual variation), while a treatment with PIs mildly increased the amount of HSL protein in SAT but not VAT. The proteolysis of perilipin has been proposed as the electroblotted. The nitrocellulose blot was incubated with antibodies against hormone-sensitive lipase (HSL) (Cell Signaling Technology, Boston, MA), adipose triacylglycerol lipase (ATGL) (Santa Cruz Biotechnology), and perilipin (Progen, GmbH, Heidelberg, Germany), nonspecifi c protein binding to the nitrocellulose being reduced by preincubation in blocking buffer (0.2% BSA, 10 mM Tris, 150 mM NaCl, and 0.02% Tween-20). After blots were incubated with a relevant second antibody, immunoreactive bands were visualized using enhanced chemiluminescence (catalog no. RPN22090L/AE) Western blot protocol (Amersham, GE Healthcare Europe, Saclay, France). Band intensities were quantitated by a Chimigenius (Amersham Bioscience, Pantin, France) and expressed versus corresponding ␤ actin amount.
Statistical analysis
Data were analyzed by paired t -test. Signifi cant differences were assumed for P values <0.05.
RESULTS
Comparison of the fatty acid/triglyceride cycling activities between human SAT and VAT
FFA/TG cycling represents the balance between lipolysis of adipose tissue TG and the simultaneous FFA reesterifi cation that occurs via GNG ( 39 ) . We therefore measured both glycerol output (basal lipolytic index) and FFA output in the medium of fat pads from human SAT and VAT and then calculated the FFA/glycerol ratio as an index of GNG effi ciency ( Table 1 ). The lipolytic index was always higher in VAT than in SAT for a given subject, even if the mean values were not signifi cantly different because of great interindividual variations. The absolute FFA output per gram of VAT was 2-fold higher than from SAT ( P < 0.05). We confi rmed that in SAT from lean women under basal conditions ( 4 ), the FFA amount actually released represented about one-third of what can be expected from the lipolytic index (as indicated by a FFA/glycerol ratio of 1.05 ± 0.46, instead of the expected value of 3), while the FFA output from VAT was about half of what can be expected (FFA/glycerol ratio of 1.57 ± 0.48). perilipin amount and, interestingly, observed that perilipin was decreased by NFV, RTV, and LPV in human SAT but not VAT ( Fig. 2 ) . The parallel and inverse variations in HSL and perilipin observed after a treatment with these PIs in SAT offers a rationale for increased lipolysis induced by these drugs.
Thus, as expected from in vivo studies, our data revealed that NFV, RTV, and LPV, but not ATV, were able to increase basal lipolysis in starved adipose tissue from lean subjects. In addition, we show for the fi rst time that this effect is far more pronounced in SAT, perhaps as a result of a PI-induced decreased perilipin amount.
Moreover, the FFA release is increased by 81% ± 7% ( Fig. 1D ) , which is double the %37 ± 6% expected from lipolysis ( Fig. 1C ) . This could suggest that NFV, RTV, and LPV but not ATV induced in SAT an additional defect at the level of FFA re-esterifi cation by GNG.
Effect of PIs on FFA re-esterifi cation via GNG and PEPCK-C activity
To test the possible involvement of GNG in this process, we fi rst calculated the FFA versus glycerol release amounts from SAT and VAT from each subject. NFV, RTV, and LPV but not ATV signifi cantly increased the FFA/glycerol ratio in SAT; importantly, this PI-specifi c effect was not found in VAT ( Fig. 3A ) . This suggested an impairment of GNG that was investigated by measuring the incorporation of [ 14 C 1 ] pyruvate into the glycerol-3-phosphate backbone of the main substrate of this pathway, into TG of both depots pretreated or not with PIs. The experiments were performed for 1 h during basal lipolysis, and the level of FFA being re-esterifi ed with [ 14 C 1 ]pyruvate was evaluated. We actually found that NFV, RTV, and LPV but not ATV signifi cantly decreased (by about 30%) the GNG-dependent FFA reesterifi cation process in SAT, without any signifi cant effect of NFV, LPV, and RTV in VAT ( Fig. 3C ) . We verifi ed that these PIs did not modify the intracellular pool of pyruvate. These results strongly suggest that about half of the PIinduced FFA release from SAT was due to a decrease in their re-esterifi cation capacities via GNG in this specifi c fat depot. We then investigated whether this defect of GNG was related to a direct effect on its key enzyme and found that NFV, RTV, and LPV but not ATV signifi cantly decreased PEPCK-C activity (by 25% to 45%) only in SAT ( Fig. 3B ) .
Our data show, for the fi rst time, that i ) the dyslipidemic PIs NFV, RTV, and LPV alter FFA re-esterifi cation via GNG in human adipose tissue, whereas lipid-friendly ATV did not, and ii ) that this effect takes place specifi cally in SAT via a signifi cant decrease of the GNG key enzyme activity and efficiency, thus contributing to an excessive release of FFA from SAT and not from VAT in the situation of basal lipolysis.
Effects of PIs on adipose tissue infl ammation
We then decided to determine if this PI effect on GNG affecting SAT was related to a depot-specifi c infl ammatory process by evaluating the ability of these PIs to modify the secretion of proinfl ammatory cytokines. First, a comparison of the secretion profi les of the two fat depots confi rmed data previously reported in the literature ( 46 ), i.e., MCP1 mechanism for enhanced basal lipolysis in response to NFV in murine adipocytes ( 44 ) and was recently found to be more robust in adipocyte cell lines derived from mice SAT than VAT ( 45 ) . Therefore, we also evaluated the PIs tended to increase MCP1 secretion in both depots ( Fig. 4, lower panels) . Our results suggest that SAT exhibited a lower infl ammation state in the basal situation than VAT and was more responsive than VAT to a treatment with PIs as regards the secretion of proinfl ammatory cytokines IL-6 and TNF-␣ .
NFV but not ATV adversely affects IL-6 and PEPCK-C gene expression in SAT
We further checked the effect of NFV, taken as a representative of the dyslipidemic PIs, on IL-6 and TNF-␣ and IL-6 are secreted in 2.5-and 6-fold higher amounts, respectively, by VAT than SAT ( Fig. 4 ) . As to TNF-␣ secretion, we found, as expected, a very low level of secretion (10,000 times less than IL-6). Moreover, VAT from lean individuals released 10-fold more TNF-␣ than SAT ( Fig. 4 ) .
We then analyzed the effect of PIs on cytokine secretion by the two depots. IL-6 secretion from SAT was enhanced by treatment with NFV, LPV, and RTV (1.6×) but not from VAT ( Fig. 4, upper panels) . Accordingly, TNF-␣ secretion was 2.5-fold increased by the PI-treatment in SAT, whereas it was not signifi cantly changed in VAT. In contrast, these Blotting was performed on whole fat explants after removing fat coat and fragments. Lower panels: Corresponding quantifi cations were performed versus ␤ -actin amount and expressed in fold changes versus control. Data are means ± SD from three individuals; *, P < 0.05; and **, P < 0.01 versus control. decreased that of PEPCK-C in SAT but not in VAT, while ATV did not exert these adverse effects in SAT.
Inhibition of the NF B infl ammatory pathway prevented NFV-induced infl ammation and restored PEPCK-C expression and enzyme activity in human SAT
To get further insight into the NFV-adverse effects on human SAT and to investigate whether the NFV opposite effects on IL-6, TNF-␣ , and PEPCK-C gene expression were linked, we used parthenolide, an anti-infl ammatory drug able to specifi cally inhibit the NF B pathway and tested its ability to prevent NFV-induced effects. To that end, we treated SAT explants with parthenolide 1 h before NFV addition; then, after 6 h or 14 h incubation, IL-6, TNF-␣ , or PEPCK-C mRNA was quantifi ed. Our data clearly gene expressions in human SAT and VAT under shortterm conditions. Time-course studies revealed that the maximal effect was obtained after 6 h but persisted up to 14 h. Our data confi rm that the levels of IL-6 and TNF-␣ mRNA were specifi cally increased (by 3.8-and 2.5-fold, respectively) in SAT in response to a treatment with NFV, while this treatment did not alter their mRNA levels in VAT ( Fig. 5 ). The analysis, in parallel, of the PEPCK-C gene expression showed that its mRNA amount was markedly affected in SAT (70% decrease at 14 h after a treatment with NFV) but not VAT ( Fig. 5, lower  panel) . Importantly, we did not observe any signifi cant effect of ATV on amounts of IL-6 and PEPCK-C mRNA (data not shown). Thus, our data revealed that NFV concordantly increased IL-6 and TNF-␣ expression and Fig. 3 . GNG-dependent re-esterifi cation of FFA liberated during lipolysis in subcutaneous and visceral human fat pads. SAT and VAT fat pads were pretreated from day 1 to 3 with either ethanol (control) or NFV, 10 µM; LPV, 10 µM; RTV, 10 µM; and ATV, 10 µM, as described in Material and Methods and according to the scheme in Fig. 1A . The number of subjects are in brackets, and all experiments were performed in duplicate. Results are expressed as means ± SD and are relative to the level of their respective control, *, P < 0.05; **, P < 0.01; and ***, P < 0.001 versus control A. FFA/glycerol ratio was calculated from the determination of both parameters in the incubation medium of each fat explant. The GNG-dependent fatty acid re-esterifi cation process decreases the FFA/glycerol ratio because it affects only one parameter, the FFA concentration. B: PEPCK-C activity was evaluated in human SAT and VAT cytosolic fractions in response to the different treatments. C: Evaluation of the GNG-dependent reesterifi cation of FFA liberated during lipolysis in fat pads incubated for 1 h in KRPB-BSA containing 2.5 mM pyruvate and 1 µCi 14 C 1 -radiolabeled pyruvate. Lipids were then extracted, and radioactivity was measured as described in Materials and Methods.
by guest, on www.jlr.org Downloaded from and in decreased GNG. Such modifi cations were identifi ed in SAT but not VAT (data not shown).
IL-6 might mediate NFV effect, resulting in repression of PEPCK-C activity in SAT
Since the inhibitory effect of NFV on PEPCK-C was prevented when the NF B pathway was inhibited, we wondered whether the amount of IL-6 secreted by adipose tissue in response to NFV could mediate its effect on PEPCK-C activity in human SAT. We did not check the effect of TNF-␣ due to the very low expression (pg/ml) in human adipose tissue (cf . Fig. 4 ) ; dose amounts previously reported to exert an effect in vitro were on the order of nanograms ( 47 ) . We incubated SAT and VAT explants with purifi ed human IL-6 for 24 h in the presence or absence of cAMP (0.5 mM), since it has been previously shown that NF B activation inhibited PEPCK-C transcription induced by cAMP in the liver ( 48 ) . Our data show that the addition of 0.1 g of IL-6/ml in the culture medium signifi cantly inhibited PEPCK-C enzyme activity in SAT demonstrated that parthenolide was able to signifi cantly prevent the NFV-dependent increase in IL-6 and TNF-␣ mRNA levels in SAT, while the level of PEPCK-C mRNA was restored to the control level ( Fig. 6A ) .
We also checked whether the NFV-induced variation of gene expression was associated with a variation in the level of the cytokine secretion in the medium or of PEPCK-C enzyme activity. To that end, we performed similar experiments but with a longer incubation time (28 h) and measured cytokine, glycerol, and FFA secretion in the culture medium and PEPCK-C enzyme activity in the explants. Results shown in Fig. 6B indicate that parthenolide prevented NFV-induced IL-6 and TNF-␣ secretion and simultaneously rescued PEPCK-C enzyme activity in SAT. In parallel, the NFV-induced increase of FFA/glycerol ratio (1.63×, P < 0.05 versus control) was prevented when parthenolide was added together with NFV (1.03×, P < 0.05 versus NFV) ( Fig. 6C ) . Thus, our data indicate that NFV was able to activate the NF B infl ammatory pathway, resulting in increased IL-6 and TNF-␣ gene expression and secretion Fig. 4 . Effect of PIs on proinfl ammatory cytokines and chemokine secretion from human subcutaneous and visceral fat pads. SAT and VAT fat pads were pretreated from day 1 to 3 with either ethanol (control) or NFV, 10 µM; LPV, 10 µM; RTV, 10 µM; and ATV, 10 µM, as described in Material and Methods and according to the scheme in Fig. 1A . IL-6, TNF-␣ , and MCP1 secretion were measured in the last 18 h incubation medium. The number of subjects are in brackets, and results are expressed in nanograms or pg/g of tissue ± SD for each reproduced in duplicate; *, P < 0.05; and **, P < 0.01 versus control. side-effects on lipid metabolism but not by a lipid-neutral PI. When tested ex vivo on adipose tissue explants from lean subjects, the PIs NFV, LPV, and RTV enhanced FFA release from human SAT, but not the VAT depot, by simultaneously increasing lipolysis and decreasing FFA re-esterifi cation via GNG, while ATV was devoid of any effect in that setting. These depot-specifi c disorders were found to be parallel to the depot-specifi c decrease of perilipin content in the case of lipolysis and to be linked to a higher infl ammatory response in the case of GNG. Since most systemic FFA come from the subcutaneous fat depot in lean humans ( 35 ) , such new data highlight the functional importance of GNG, particularly in SAT, for maintaining FFA homeostasis, and confi rm the different metabolic behaviors of the two major fat depots in human.
The presence of an increased glycerol turnover has been previously reported in fasted HIV-infected patients in PI therapy, leading to increased circulating levels of FFA ( 15, 16 ) . A role for PI in that setting was suggested by van der Walk et al. ( 15 ) , as stopping PI allowed a reduced level of lipolysis. Those patients were generally diagnosed with lipodystrophy. However, stopping PI in those patients reduced lipolysis without modifi cations but not VAT ( Fig. 7 ) , the inhibition being more marked in the presence of cAMP ( Ϫ 17%) than in its absence ( Ϫ 10%). Of importance, the dose of IL-6 (0.1 g/ml) added to the culture medium was chosen to double the average IL-6 secretion from untreated SAT in 24 h and to mimic the IL-6 amount secreted after NFV treatment (which increased by about 1.6-fold in SAT). In contrast, such a dose of IL-6 is lower than the average IL-6 secretion of untreated VAT (0.570 g/ml). Thus, we investigated the effect of a higher dose of IL-6 (1 g/ml) on VAT (which doubled the average IL-6 secretion from VAT). We found that the higher dose of IL-6 was able to signifi cantly decrease PEPCK-C activity both in the absence and presence of cAMP in VAT ( Fig. 7 ) . Therefore, our results show that IL-6 is able to decrease PEPCK-C activity in both fat depots but with different sensitivities. These data suggest that the NFV-induced IL-6 production in SAT could be involved in the observed inhibition of PEPCK-C in this fat depot.
DISCUSSION
The main fi nding of this work is the observation, for the fi rst time in human fat, of depot-specifi c alteration in FFA release induced by some PIs with known in vivo Cytokine secretion and PEPCK-C enzyme activity levels were measured as in Materials and Methods. Data are means ± SD from six individuals. #, P < 0.05; ##, P < 0.01; ###, P < 0.001 NFV versus control and *, P < 0.05; and **, P < 0.01 NFV+P versus NFV. A: Analysis of the mRNA amounts (duration of the treatment was 6 h for IL-6 and TNF-␣ and 18 h for PEPCK-C gene expression analysis). B: Measure of secretion of cytokines in culture medium and PEPCK-C enzyme activity in fat pads after 28 h. C: Measure of glycerol and FFA in the culture medium after a 2 h period of isoproterenol-induced lipolysis.
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Lipolysis is governed by ATGL and HSL, which act sequentially, even in basal lipolysis, and represent 95% of the TG hydrolase activity in adipocytes ( 51 ) . We report here a moderate PI-induced increase in HSL amount, restricted to SAT, while there were no signifi cant changes in ATGL amounts in human SAT and VAT. In contrast, two recent reports of the effects of RTV and NFV on a murine adipocyte cell line showed that HSL content was not modifi ed by these two PIs ( 52, 53 ) , while ATGL content was increased by RTV ( 53 ) . These discrepancies could be due to species differences, use of cell lines versus explants, and also to the length of the RTV treatment, performed over the entire differentiation process in adipocytes.
A study performed in a murine adipocyte cell line revealed a disproportion between FFA and glycerol releases from NFV-treated adipocytes ( 52 ) , suggesting an additional alteration of FFA re-esterifi cation via GNG. We show here, for the fi rst time, that the FFA/TG cycle mediated by GNG was inhibited by three PIs in human SAT but not VAT. A recent report performed with a murine adipocyte cell line also described such RTV-induced decrease of pyruvate use for FA re-esterifi cation into TG ( 53 ) . In parallel, these authors observed a RTV-induced increased glycerol utilization for TG backbone but suggested, referring to our previous work ( 4 ) , that this process could be of minor importance in human SAT, where glycerol phosphate formation by glycerol kinase accounts for only 14% of the total FFA re-esterifi ed. We confi rm this hypothesis (the negligible importance of glycerol kinase for glycerol-phosphate formation in response to PIs) because we were not able to fi nd any significant PI-induced variation of glycerol use for TG backbone in human adipose tissues (results not shown).
Thus, our data suggest that NFV, RTV, and LPV exerted on human SAT a combination of increased lipolysis and decreased FFA re-esterifi cation, potentially exacerbating FFA delivery into the circulation under fasting conditions. Furthermore, the alteration of lipolysis and GNG only concerned SAT and not VAT, suggesting a specifi c deleterious impact of these PIs on lipid metabolism from the peripheral fat depot. Only one study previously investigated the effect of PIs on the lipid-buffering function of human adipose tissue. This work compared the effects of some PIs on human SAT and VAT samples from the same subjects but was performed under feeding conditions. The authors found a specifi c alteration of the capacity of FFA storage into SAT ( 54 ) . This could be due to the ability of some PIs to inhibit GLUT4 transporter and therefore glucose entrance and resulting lipogenesis ( 55 ) . In this regard, we also observed that the PI-induced decrease of TG content was restricted to SAT under our experimental conditions. Combined with our results obtained under fasting conditions, these data suggest that some PIs are able to induce disturbances in the total lipid-buffering capacity of human SAT under both fasting and feeding conditions. The in vivo relevance of this hypothesis is reinforced by our observation that a lipid-friendly PI, ATV, did not alter these functions in human SAT. Thus, our data suggest that some PIs could alter SAT lipid metabolism and increase systemic FFA level, as observed in some HIV-infected patients taking in fat distribution ( 15 ) . In addition, in healthy volunteers, the association of LPV-RTV was able to increase FFA levels after a short-time treatment without altered fat distribution ( 23, 24 ) . Therefore, the effect of PIs on adipose tissue appears to be independent of the presence or absence of lipodystrophy. In vitro studies performed with cultured adipocytes revealed the ability of some PIs to increase FFA release, arguing for increased lipolysis ( 49, 50 ) . Here, we propose, for the fi rst time, that the increased lipolysis induced by some PIs likely concerns human SAT.
In murine adipocytes, PI-induced increased lipolysis was not linked to PKA activation, to modulation of cAMP content, or to an alteration of the mitogen-activated protein kinase kinase pathway ( 50 ) . It was assigned to a decrease in perilipin ( 44 ) that was found to be even more robust in murine adipocyte cell lines derived from SAT than from VAT ( 45 ) . We confi rm here that the perilipin amount was also more decreased by some PIs in human SAT than in VAT, which could explain, at least in part, the PI-induced lipolysis in this fat depot. enzyme equipment, leading to a decreased sensitivity to the oxidative stress produced by some PIs ( 59 ) .
Comparison of our results obtained from human SAT explants with a preserved tissue architecture, and which contain the different adipose cell types, with those observed in human adipocytes isolated from SAT ( 41 ) could help to decipher the respective role of adipocytes versus other cell types. The tested PIs identically provoked a decrease of leptin (results not shown) and an increase of IL-6 secretion in SAT as well as in adipocytes isolated from human SAT ( 41 ) . However, as we also observed NFV-induced increased TNF-␣ gene expression in SAT that was not observed in isolated adipocytes ( 41 ) , this suggests that this PI-induced infl ammatory response takes place mainly in macrophages. Importantly, 50% to 90% of the IL-6 secreted by SAT is produced by macrophages ( 46, 60 ) . This suggests that the adipose tissue macrophages could be an important target of PI action and that, possibly, the different sensitivity levels to PI we observed between SAT and VAT could come from differences in their resident macrophages, which would vary in number and phenotypes according to the fat depot as previously shown (60) (61) (62) . Accordingly, it was shown that human SAT was more sensitive to minor variations of TNF-␣ concentration than VAT ( 63 ) , perhaps in relation to a signifi cantly higher expression of TNF-R1 ( 64 ) .
By exploring the mechanism of the selective PEPCK-C inhibition by PIs in SAT, we found that it was related to the activation of the NF B pathway, since both the increases of IL-6 and TNF-␣ and the decrease of PEPCK-C gene expression were corrected by parthenolide, an inhibitor of IKK ␤ phosphorylation. IL-6, TNF-␣ , and more generally LPSinduced infl ammation have been shown to downregulate cAMP-induced PEPCK-C gene transcription by activating the NF B pathway in hepatocytes ( 65, 66 ). Thus, we tested the direct effect of purifi ed IL-6 on SAT and VAT explants (TNF-␣ was not evaluated because of its very low production). We observed that IL-6 was able to inhibit both basal and cAMP-induced PEPCK-C activity at the concentration of 0.1 g/ml in human SAT, while a higher dose (1 g/ ml) was required in VAT. Therefore, our results show that IL-6 is able to decrease PEPCK-C activity in both fat depots but only when the amount added doubles their respective basal secretion. These data suggest that NFV-induced IL-6 production in SAT could be involved in the observed inhibition of PEPCK-C in this fat depot, whereas the absence of an effect on PEPCK-C in VAT is likely in relation to the absence of NFV-induced IL-6 production. Data also suggest that PEPCK-C in VAT is less responsive to IL-6, probably due to its higher basal release.
The in vivo relevance of our fi ndings that IL-6 is a negative modulator of GNG, which could have repercussions on the size of adipose tissue, is reinforced by the phenotype of IL-6 Ϫ / Ϫ mice, which develop mature-onset obesity with an increase of all fat pads (but with a higher increase in the subcutaneous fat depot) ( 67 ) . Similarly, TNF-␣ Ϫ / Ϫ mice are obese and have lower levels of systemic FFA ( 68 ) . In humans, under noninfl ammatory conditions, IL-6 is secreted to a signifi cant extent by adipose tissue ( 69 ) and antiretroviral therapies, therefore leading to lipotoxicity and metabolic complications as systemic FFA come mainly from SAT in lean humans ( 35 ) . However, our ex vivo results could differ from the in vivo situation, and, probably, the simple model tested here may not be as complex as the real in vivo situation. HIV patients generally receive a combination of antiretroviral drugs, which could exert potential additive side-effects. Moreover, lipid alterations observed in HIV-infected patients could result from the effect of PIs on different tissues. Our study has several limitations. We have studied adipose tissue from non-HIV-infected subjects. Therefore, we have not addressed a possible role for HIV infection. The drugs were used at a single concentration (corresponding to their Cmax in the patients) and added separately, whereas they are given in combination in HIV-infected patients. RTV is now given as a boosting molecule, and it would be important to evaluate its effect on GNG at lower concentrations. Finally, our biopsy samples are mostly from female subjects. Even if lipid alterations from PI effects are frequent in HIVinfected women ( 18 ) , it is possible that some alterations at the level of adipose tissue are different in males. Therefore, we compared the effect of NFV in three SAT explants issued from lean men. We found that NFV exerted similar side-effects on FFA release via altered lipolysis and GNG similar to samples issued from women (results not shown).
Importantly, the use of these drugs as tools to better understand adipocyte biology allowed us to discover that decreased FFA re-esterifi cation via GNG was associated with increased IL-6 and TNF-␣ production, both alterations being reverted when the NF B pathway was inhibited. Therefore, our data suggest that NFV, LPV, and RTV were able to activate some proinfl ammatory pathways in human SAT only and raised the intriguing question why VAT was less sensitive to PI-induced alteration than SAT. This may be related not only to the basal metabolic differences between adipocytes from the two localizations ( 56 ) but also to the in situ presence of a different number of macrophages exhibiting various phenotypes (M1, proinfl ammatory or M2). The direct deleterious effects of some PIs on adipose tissue cells have been demonstrated in vitro by studies performed with either adipocyte or macrophage, two cell types associated in adipose tissue. Studies using murine adipocyte cell models revealed the toxicity of some PIs on adipocyte differentiation and metabolism ( 40, 57 ) . In human adipocytes derived from SAT ( 41, 58 ) and in human macrophages ( 41 ) , some PIs increased secretion of chemokines and proinfl ammatory cytokines and induced an oxidative stress in the two cell types and decreased adiponectin and leptin release from adipocytes ( 41 ) . A unique recent study compared the effect of NFV on immortalized rat preadipocyte cell lines isolated from intra-abdominal (epididymal) or subcutaneous (inguinal) fat depots ( 45 ) . In that study, the authors actually observed a higher sensitivity of adipocytes from SAT to NFV action, despite similar intracellular concentrations of NFV. It has also been reported that VAT adipocytes would have a greater number of mitochondria and better detoxifi cation could be a physiologically negative regulator of PCK1 and, thus, of GNG. IL-6 plasma concentration is increased in HIV-infected patients in accordance with its increased expression in SAT ( 29 ) and, in obese subjects, proportionately to the fat mass ( 70 ) . This could be related to adipose tissue infl ammation in both situations. As increased IL-6 plasma levels are implicated in hyperlipidemia ( 71, 72 ) , we hypothesize that these alterations could be at least in part related to the inhibition of FFA re-esterifi cation via GNG in both situations.
Finally, our data argue for the functional importance of GNG in human FFA homeostasis. Nye et al. ( 9 ) suggested that the lipolytic process could induce the release of more FFA than is essential for immediate energy needs and that the simultaneous re-esterifi cation of some of these FFA could participate in fi ne-tuning the whole process. Our data suggest that infl ammatory processes could mediate inhibition of PEPCK-C expression in adipose tissue, particularly in SAT. Obesity is associated with a low-grade infl ammation of adipose tissue ( 73 ) , as observed in adipose tissue from HIV-infected patients. Android obesity and PI-treated HIV-infected patients often present the similarity of an increased VAT. In this regard, given the known association between visceral fat accumulation and metabolic alterations, it is tempting to hypothesize that VAT could perhaps became hypertrophied in some pathological situations by taking up the excess of FFA released from SAT.
